Unbound positive-parity states in 10 Li have been populated with a two-proton removal reaction from a 71 MeV/u 12 B beam. The 9 Li fragments and emitted neutrons were measured with the MoNA-LISASweeper setup. The measured decay energy spectrum was best fit with three states at 110 ± 40, 500 ± 100, and 1100 ± 100 keV decay energy. This is the second observation of a resonance below 200 keV. The lower two states likely belong to the expected 1 + , 2 + doublet.
Three-body calculations for the two-neutron halo nucleus 11 Li rely on accurate descriptions of both the core-neutron interaction and the neutron-neutron interaction. Hagino et al. found that the behavior of neutrons emitted from the dipole excitations of 6 He and 11 Li was more strongly influenced by the core-neutron interaction than by the interactions between the neutrons [1] . These core-neutron interactions are adjusted by reproducing the structure of the A − 1 system, where A is the mass of the two-neutron halo nucleus; for 11 Li, the core is 10 Li. The continuum state structure of 10 Li and in particular the energies of the 1s 1/2 and 0p 1/2 single-particle levels are used in fitting these interactions [2, 3] . As an example, the measurement of a low-lying negative parity state in 10 Li [4, 5] and its subsequent inclusion in theoretical calculations was essential to reproducing the binding energy of 11 Li [2, 6] .
All discovered two-neutron halo nuclei, however, are also Borromean systems, meaning that the A − 1 isotope is unbound. The unbound nature of 10 Li was determined in 1966 by Poskanzer, Cosper, and Hyde [7] . Almost ten years later, Wilcox and collaborators made the first measurement of the unbound nucleus, using a ( 9 Be, 8 B) reaction to measure a mass excess of 33.83 ± 0.25 MeV [8] . This placed the first measured unbound state at 0.8 ± 0.25 MeV decay energy [8] . The next measurement was made 15 years later [9] and since then, there have been many measurements of energies of the continuum structure of 10 Li [4, 5, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 34] .
In a simple single-particle picture, 10 Li should have two doublets corresponding to the coupling of an unpaired 0p 3/2 proton to the unpaired 1s 1/2 or 0p 1/2 neutron. The π0p 3/2 and ν0p 1/2 coupling produces a 1 + , 2 + doublet and the π0p 3/2 and ν1s 1/2 coupling produces a 1 − , 2 − doublet. Based on the Nordheim rules, the 1 + and 2 − states are expected to have the lower energies in these doublets [31] . The systematics of the N = 7 isotones suggest that the energy difference between the 1s 1/2 and 0p 1/2 energy levels is small and that the order of the two levels should be inverted, with the 1s 1/2 level lower than the 0p 1/2 level [32] . A measurement of either the 1s 1/2 or 0p 1/2 single particle energies requires clean identification and measurements of both states of the associated doublet.
The 10 Li ground state is now known to be unbound to 9 Li + n by only ∼50 keV [11, 15, 18, 20, [22] [23] [24] [25] and to decay to the negative-parity ground state of 9 Li by emitting an = 0 neutron. This identifies the ground state as part of the negative-parity doublet. Almost all measurements of the 10 Li unbound structure identify a state around 500 keV that decays by emitting an = 1 neutron, which should be one of the two states of the positive-parity doublet [5, 12, 16, 17, 24, 25, 29, 33, 34] . Previous measurements of low-lying positive-parity unbound states in 10 Li are shown in Fig. 1 . Bohlen et al. identified two low-lying positive parity states in different reactions: a state at 240 ± 40 keV decay energy in a 10 Be( 12 C, 12 N) reaction as well as one at 530 ± 60 keV in a 9 Be( 13 C, 12 N) reaction [13] . In that experiment, negative-parity states were weakly populated and those two low-lying states were assigned spins and parities of 1 + and 2 + , respectively, based on the expected low-lying states and the selectivities of the two reaction mechanisms. The experiments by Bohlen et al. are the only measurements that selectively populated positive-parity states [10, 13] . In all other measurements, significant population of the wide, negative-parity ground state made analysis of the low-lying positive-parity state(s) difficult. The low-lying state (at <0.2 MeV) reported by Santi et al. in 2003 and included in Fig. 1 did not assign a parity, but the (d, p) reaction mechanism would be expected to populate the negative-parity ground state. The measurement by Caggiano et al. was best fit with a single resonance but could also be fit by two resonances, one at 100 ± 60 keV and the other at 525 ± 60 keV [17] .
Here we report on a measurement of 10 Li with a new reaction that is expected to principally populate positive-parity states. The ground state of the 12 B beam has spin and parity of 1 + due to the coupling of a 1p 3/2 proton with a 1p 1/2 neutron. A two-proton removal from 12 B populates 10 Li. Measurements reported without error have arrows for error bars. Lines with no dot indicate upper bounds for a state. The two measurements labeled "Bohlen (1997)" come from two different reactions that were both reported in Ref. [13] . Both Gornov's 1998 paper [30] and Santi's 2003 paper [21] found two possible fits for the data; the fit results that used two resonances rather than one are shown here. Two different measurements in Chernyshev's 2013 paper produced two different measurements of 0.7 ± 0.05 and 0.78 ± 0.15 MeV, here the weighted average is used [28] .
low-lying states in 10 Li, likely by the removal of two p-shell protons, since knocking out a deeper bound s-shell proton would populate higher-lying states. The remaining single proton in the p-shell couples with the 1p 1/2 neutron to form positive-parity states in 10 Li. Calculations of the 2p knockout cross-section show that population of negative-parity states is expected to occur at two orders of magnitude less than the population of positive-parity states [35] . This allows the clean identification of low-lying, positive-parity states that decay by emission of an = 1 neutron to the 3/2 − ground state of 9 Li without contributions from low-lying, negative-parity resonances.
The experiment was performed at the National Superconducting Cyclotron Laboratory. A 12 B secondary beam was extracted from the A1900 Fragment Separator [36] . The isotope of interest, 10 Li, was created by a two-proton removal from a beryllium reaction target and immediately decayed to 9 Li and a neutron. The daughter fragment, 9 Li, and neutron were identified and measured with a suite of charged particle detectors and MoNA-LISA neutron detectors, respectively. These measurements were used to reconstruct the decay energy spectrum of 10 Li (Fig. 2, top  panel) . More information is available in Ref. [37] , which used the same experimental setup but a different secondary beam.
The decay energy spectrum shows clearly that the approximately 500 keV state identified by many previous experiments has also been populated in the present experiment. Initially, a single energy-dependent, = 1, Breit-Wigner lineshape [37, 38] was used to fit the data. The minimization procedure pushed the width of the resonance to unphysical values and was unable to reproduce the experimental distribution (confidence of ∼3.5σ ). A fit of this type, with a centroid of 550 keV and a width of 1 MeV is shown in the top panel of Fig. 2 . This fit has a reduced χ 2 value of 3.8, and can be eliminated as a good fit with a confidence of 5σ . The residual resulting from the subtraction of the simulation from the data is shown in the bottom panel of Fig. 2 . Two peaks on either side of the simulated peak indicate that the best fit to the data will require three peaks. The best fit with three peaks shown in Fig. 3 (reduced χ 2 of 0.9) was achieved with resonance energies of 110 ± 40 keV (thin, solid blue line), 500 ± 100 keV (dashed green line), [13, 33] in Table 1 . The width of the 240 keV state was not given explicitly in Ref. [13] , but was stated in Ref. [33] , which in the upper left panel of Fig. 4 shows the same data as Fig. 2 of the early paper without referencing it. It should also be mentioned that the analysis of the 9 Be( 13 C, 12 N) reaction in Ref. [10] was superseded by a further re-analysis of the data using a Breit-Wigner lineshape in place of two Gaussians [13] . The resonance energies of the present data are in reasonable agreement with the Bohlen et al. results. The apparent differences in the reported widths are due to differences in the analyses. The transfer reaction data by Bohlen et al. were analyzed using a Breit-Wigner lineshape with a fixed width while the present data were fit with an energy-dependent Breit-Wigner lineshape. The addition of a Table 1 Best fit parameters as used in Fig. 3 and comparison to previous results [13, 33] . Quantities with error bars were measured. The widths used in Fig. 3 Energy (keV) 1100 ± 100 --Width (keV) 1000 --penetrability factor in the latter approach narrows the apparent lineshape so that the input width is larger than the resulting width of the distribution. Table 1 lists the input widths which correspond to full-width half-maximum values (before folding with the experimental resolution) of 50 keV and 350 keV for the 110 keV and 500 keV states, respectively. These are in agreement with the Bohlen et al. results.
The assignments of the spins of these states remain tentative. As mentioned earlier, based on the Nordheim rules, the 1 + state is expected to be the lower state of this doublet [31] and this assignment was also made by Bohlen et al. However, the relative population of the two states in the present experiment does not support this assignment. Calculations of two-proton removal from the 1 + ground state of 12 B predict the 1 + in 10 Li to be populated 1.8 times stronger than the 2 + state [39] . In contrast, the measured ratio of the 110 keV state to the 500 keV state for the best fit to the data is only 0.11 +0.25 −0.06 . The accurate determination of the relative population of these two states is hindered by the fact that the states are not resolved. The measured widths of the resonances are dominated by the experimental resolution, which was 85 keV at 100 keV and 250 keV at 500 keV. A future experiment with improved resolution (and increased statistics) will be necessary in order to resolve the states and extract a more reliable intensity ratio of these two positive parity states. A non-resonant background is not expected because the 2p knockout is a direct reaction [40] .
In summary, we have populated three low-lying, unbound, positive-parity states in 10 Li at 110 ± 40 keV, 500 ± 100 keV, and 1100 ± 100 keV decay energy. The results are consistent with the only other selective measurement of positive-parity states. The apparent stronger population of the 2 + state relative to the 1 + remains an open question.
